I. INTRODUCTION
Compact isolated converters operating at large conversion ratios are needed for applications ranging from offline power supplies for electronic loads to solar micro-inverters. Such converters based on conventional architectures do not achieve very high efficiencies, and their efficiencies drop further as the operating conditions change. To achieve the highest efficiencies, high power density converters must operate using soft-switching techniques -zero voltage switching (ZVS) and/or zero current switching (ZCS) -to limit transistor switching losses. Unfortunately, while conventional softswitching converter architectures can achieve soft-switching under specific operating conditions, it is difficult to maintain desirable circuit waveforms (e.g., ZVS/ZCS switching and minimum conduction current) as power is reduced from maximum and as the input voltage varies from nominal.
Conventional design and control techniques including frequency control [1] - [2] , phase-shift control [3] - [4] , and some fixed-frequency control techniques [5] - [6] suffer from increased switching loss, challenging EMI design, and/or loss of ZVS or ZCS when operating over a wide input voltage and output power range. Hence, there is a need for circuit designs and associated controls that can provide reduced loss when operating over wide input voltage and power ranges, and can provide large voltage conversion ratios. The recently proposed impedance control network (ICN) resonant converter is capable of maintaining ZVS and near ZCS, and hence high efficiency, across wide operating ranges [7] .
The ICN converter regulates output power and voltage through a combination of phase shift and burst mode (on/off) control. An issue with burst mode operation is that it takes several switching cycles for the converter to achieve steady state, and during this startup transition ZVS and near ZCS operation is lost. This has a negative impact on converter efficiency, especially at light loads when the burst duty ratio is low. This paper presents an improved efficiency impedance control network (ICN) resonant dc-dc converter with an optimized startup control that reduces the number of non-ZVS switch transitions by 75% compared to conventional startup. This optimization is made possible by a new accurate time domain model for the ICN converter waveforms that allows us to determine the startup sequence that minimizes startup losses. A prototype 200 W, 500 kHz ICN resonant dc-dc converter suitable as an interface between a solar photovoltaic module and 380 V dc distribution, designed to operate over an input voltage range of 25 V to 40 V and output voltage range of 250 V to 400 V is built and tested. The prototype ICN converter achieves a peak efficiency of 97.2% and maintains greater than 96.2% full power efficiency at 250 V output voltage across the nearly 2:1 input voltage range, and maintains full power efficiency above 94.6% across its full input and output voltage range. It also maintains efficiency above 93.6% over a 10:1 output power range across its full input and output voltage range.
The remainder of this paper is organized as follows: Section II describes the architecture, topology and control of the ICN dc-dc converter. Section III describes a methodology for the design of the ICN converter, and presents the proposed startup control optimization approach. Experimental results for a prototype ICN converter demonstrating the efficacy of the optimized startup control approach are presented in section IV. Finally, the conclusions of the paper are summarized in section V.
II. IMPEDANCE CONTROL NETWORK (ICN) RESONANT CONVERTER
Resonant dc-dc converters comprise an inverter stage, a transformation stage, and a rectifier stage. While conventional resonant converters utilize a single inverter, the ICN resonant converter incorporates multiple inverters and one or more rectifiers operated together under phase-shift control, along with a transformation stage incorporating an impedance control network (ICN). The ICN draws upon the concepts of lossless power combiners and resistance compression networks [8] - [13] . The ICN provides a differential phase shift in the voltages and currents whereby the effective impedances (voltage-tocurrent (V/I) ratio observed at a port with all sources and loads active) seen at its inputs look nearly resistive at the fundamental frequency, enabling switching of the inverters at zero current across wide operating ranges. By modifying the networks for slightly inductive loading of the inverters, one can realize simultaneous zero-voltage and near-zero-current switching.
There are many possible implementations of the ICN converter. A specific implementation suitable for widely varying input voltages is shown in Fig. 1 . The converter is operated at a fixed switching frequency and each inverter is operated at a fixed duty ratio (~50%). When the switching frequency of the converter matches the resonant frequency of the resonant tank, and the two branches of the impedance control network are designed to have equal but opposite reactances (+jX and -jX) at the switching frequency, the effective admittances seen by the two inverters (Y1 and Y2) are given by:
Here VIN is the input voltage, VOUT is the output voltage, N is the transformer turns ratio, and 2 is the phase shift between the two inverters. With this design, the effective susceptance seen by the two inverters can be made zero or arbitrarily small when the two inverters are operated with a specific phase shift between them, as illustrated in Fig. 2 . The phase shift at which the susceptance seen by the inverters becomes zero is a function of the input-output voltage ratio and given by:
Hence, by varying this phase shift as the input or output voltage varies, the admittance seen by the inverters can be kept purely conductive across the full input and output voltage operating range of the dc-dc converter. This allows the inverter switches to have simultaneous zero-voltage switching and near zerocurrent switching capability, thus minimizing switching losses and reactive currents, boosting converter efficiency over wide input and output voltage ranges. At a given switching frequency, the output power of an inverter is proportional to the square of the input voltage and the conductance seen by the inverter. In conventional designs, this can often lead to large variations in power delivery with input voltage that must be addressed (e.g., through oversizing of the inverter components and use of frequency control to modulate power). However, since the effective conductance seen by the inverters in the ICN converter (operated at near zero effective susceptance) decreases with input voltage (see Fig. 2 ), the variation in output power with input voltage can be made quite limited across a wide input voltage range, as shown in Fig. 3 , and expressed mathematically as:
This enables improved sizing of inverter components and use of fixed-frequency operation, with consequent benefits for efficiency. Output power of the converter can be further controlled (for values below that indicated in Fig. 3 ) using burst mode (on/off) control, in which the operation of the converter is modulated on and off at a frequency much lower than its switching frequency [14] - [15] . On/off control is desirable because converter losses back off proportionally to power delivered, thus enabling efficient operation to be maintained over a wide power range. Thus, with this architecture we are able to achieve wide voltage and power range operation at fixed switching frequency and high efficiency.
III. DESIGN METHODOLOGY AND STARTUP CONTROL OPTIMIZATION
The output power of the ICN converter increases with output voltage (see Fig. 3 ); therefore, if maximum output power can be delivered at minimum output voltage then maximum output power can be delivered at all output voltages. Also given the variation in output power with input voltage (see Fig. 3 ), the need for burst mode control can be minimized if the converter is designed to deliver the same output power at its minimum and maximum input voltages, and , respectively. This requirement can be met at the minimum output voltage if the transformer turns ratio and the reactance of the impedance control network are selected using: ,
.
Once the required differential reactance X is known, the next step is to formulate design equations for the individual reactive component values. To determine the values of these reactive components, it is simplest to split LX1 into two series inductors LX0 and LXr1; and split CX2 into two series capacitors CX0 and CXr2. With this division, LX0 of the top tank can provide the +jX reactance, and LXr1 together with CX1 form a filter that rejects higher order harmonics. For the bottom tank, CX0 can provide the -jX reactance, and LX2-CXr2 form the filter. Figure 4 shows the model of the ICN converter under fundamental frequency approximation. The division of the two tanks (LX1-CX1 and LX2-CX2) is also shown in Fig. 4 . Also, CX1 is relabelled as CXr1, and LX2 is relabelled as LXr2. The remaining parts of the ICN converter of Fig. 1 are the transformer, the Lr-Cr tank, the rectifier and the load. Under fundamental frequency approximation a rectifier can be modeled as a resistor (see [2] , [10] for modeling of rectifiers). In Fig. 4 the resistor that models the rectifier and the Lr-Cr tank have been reflected to the primary side of the transformer.
The values of the differential reactive elements (LX0 and CX0) are determined using:
X0 s
where s is the angular switching frequency of the converter. The values of the resonant tank elements are determined using:
where Z0X1, Z0X2 and Z0r are the desired characteristic impedances of the tanks ( L Xr C Xr , L Xr C Xr , and L r C r , respectively). Their values are determined from Z0X1 = Q0X1RX, Z0X2 = Q0X2RX and Z0r = Q0rRX, where Q0X1, Q0X2, and Q0r are the desired loaded quality factors of the resonant tanks, and RX (= 2V OUT 2 2 N 2 P OUT ) is the equivalent resistance of the rectifier referred to the primary side of the transformer. To achieve reasonable filtering while limiting magnetic losses to acceptable levels in our example, the quality factors Q0X1, Q0X2, and Q0r are chosen to be approximately one when RX has its minimal value.
Burst mode is utilized to control the output power of the ICN converter. An issue associated with burst mode operation is that it takes several switching cycles for the converter to achieve steady state and during this startup transition ZVS and near ZCS operation may be lost. This has a negative impact on converter efficiency, especially at light loads when the burst duty ratio is low and the converter spends a large fraction of its total on-time in the startup transition. Therefore, a startup control is needed to minimize the duration of the startup transient. To determine the optimal startup control for the ICN converter, an accurate time domain model is developed to enable us to find the startup sequence that minimizes the settling time of the transient. An equivalent circuit model for the ICN converter is shown in Fig.  5 . Here, the voltages imposed on the impedance control network by the inverter and rectifier switches are modeled by three rectangular-wave voltage sources. The inverter output currents ( and ) can be determined via superposition of the individual responses to the three voltage sources, e.g., where is the component of generated by (where is 1, 2 or 3). These individual current responses can be determined by modeling each rectangular voltage waveform as a series of positive and negative steps, and by adding their step responses. The summations of the step responses can be simplified using Euler's identity, trigonometric identities and geometric series analysis to yield closed-form expressions for the tank currents. Further explanation of this new approach to finding the inverter output currents are provided in [16] . As an example, using this technique, is given by , where and are the steady state and transient components, respectively, and given by (10) (at the top of this page). Here, time t is taken to be zero at the beginning of each burst cycle, is the switching period of the converter, n is the number of switching cycles that have passed since the converter turned on in the current burst cycle and given by is the time elapsed within the current switching cycle, given by , , a, b, c and d are parameters that depend on input voltage, reactive component values, transformer turns ratio and converter losses. Their expressions are provided in Appendix A, along with complete expressions for all the tank currents. This model has been verified against simulated and experimental results, and some of this verification is provided in the next section. This accurate model for the ICN converter waveforms allows us to determine the optimal startup sequence to minimize the duration of the startup transient, as discussed next.
IV. PROTOTYPE DESIGN AND EXPERIMENTAL RESULTS
The ICN resonant converter shown in Fig. 1 has been designed and built with specifications suitable as an interface between a solar photovoltaic (PV) module and a dc distribution system: an input voltage range of 25 V to 40 V, an output voltage range of 250 V to 400 V, and a maximum output power of 200 W. The converter is designed for a switching frequency of 500 kHz. For the given design specifications, using the method described in section III, is selected as 5.33 and is selected as 2.026 . The values of the reactive components are selected as: and . Figure 6 shows a photograph of the prototype ICN resonant converter.
The ICN converter is tested in both continuous and burst mode operation. Figure 7 shows the measured waveforms of this converter when operated at full power in continuous mode at its minimum input voltage and minimum output voltage. Clearly the switches of both the top and the bottom inverters achieve ZVS, and near ZCS. The measured burst mode startup waveforms of the top inverter of the ICN converter are shown and compared with their model-based counterparts in Fig. 8 for two operating points: 25 V input voltage and 400 V output voltage; and 40 V input voltage and 400 V output voltage. As can be seen in Fig. 8 , there is an excellent match between the model and experimental waveforms. From Fig. 8 , it can also be found that both the phase and amplitude of the top inverter output current have oscillations, which result in the loss of ZVS and near ZCS during the startup transients. Similar oscillations also exist in the bottom inverter output current. This accurate model can be used to determine the optimal startup sequence. When operating with 40 V input voltage and 400 V output voltage, the model predicts that by modifying the duty ratio of the bottom inverter (v2) in the third switching cycle we can minimize the startup transients for both inverters. The duty ratio of the third switching cycle which minimizes the oscillations in the envelope of the inverter output currents, and hence the startup transients, is 10 %, as can be seen from Fig. 9 . Applying this optimal duty ratio to the ICN converter confirms this prediction. The measured startup waveforms of the ICN converter with the duty ratio for the bottom inverter in the third switching cycle set at 10% are shown in Fig. 10 . The current envelope oscillations for both inverters are considerably reduced. As compared to no startup control, the settling time with optimized startup control is reduced by 88%; the duration of the startup transient is reduced from 68.7 s to 8.4 s. Furthermore, the optimized startup control technique eliminates 75% of the non-ZVS events; reducing the non-ZVS events from 20 to 5 events per burst cycle. The efficiency improvement brought by the optimized startup control is shown in Fig. 11 . The startup control reduces the total losses by 12% when operating at 40 V input voltage, 400 V output voltage and 20 W output power (which corresponds to 10% of the full power), and results in 0.7% improvement in overall converter efficiency. The efficiency of the prototyped converter with optimized startup control has been measured across its entire operating range. The measured efficiency is fairly flat across variations in input voltage, output voltage and output power, as shown in Fig.  12 . The prototype ICN converter achieves a peak efficiency of Here, time t is taken to be zero at the beginning of each burst cycle, is the switching period of the converter, n is the number of switching cycles that have passed since the converter turned on in the current burst cycle and given by is the time elapsed within the current switching cycle . For steady-state operation, all the transient components vanish owing to the presence of decaying exponentials in (19)-(21).
For the remaining two terms, and , closed-form expressions for steady-state operation are given by:
Here, is the phase lag of the rectifier and is found at the instant , when the rectifier current ( ) is zero and the rectifier switches commutate. It may be noted that the charging and discharging of the parasitic capacitances of the actual rectifier diodes during the switching transitions introduces extra delay into . This delay, , can be approximated by the time required to discharge the parasitic capacitances of the rectifier diodes to half of the output voltage and can be obtained as: (24) where is the transformer turns ratio and is the parasitic capacitance of the rectifier diode. The actual phase lag of the rectifier is given by . For startup transients, the closed-form expressions of and are difficult to obtain as the commutation time of the rectifier at the very beginning of the startup transient is difficult to calculate or estimate. Thus the actual commutation time is searched dynamically across the whole simulation time [16] . Whenever a commutation instant is found, the responses of the two currents ( ) to the rectifier imposed step are added to and , respectively. The responses ( and ) of the two inverter output currents to a rectifier imposed positive step are given by: Full derivations of all the equations in Appendix A may be found in [16] .
